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YHEOFETICAL INVESTIGATION OF THRUST AUGMENTATION
OF TURBOJET ENGINES BY TAIL-PIPE BURHING

By H. R, Bohanon and E, ¢, Wilcox

SUMMARY

A theoretical analysis was made of thrust sugmentation of
turbojet ongines by tall-pipe burning and charts are vresented
from which tie thrust sugmentation produced may be evaluated from
the normal engine data and the performence of the tail-nipe burner,
Currves are also given from which the friction and momentumn totel-
progsure logses occwrving in the tall-plpe burner may be calculated
for any set of design and operating conditions, With the use of
the cherta, illustrative caszes are calculzted and curves are pre-
gented showing the effects of the principal design and operating
variables. on thrust augmentation. When practical values of burner-
design variables and a burner-exit temperature of 3800° R were
assumed, calculations indicated that it is possible to augment the
gtatic sea-level thrust of a current turbvojet engine 42 percent
and. the thrust produced at 700 miles per hour 96 percent, The com-
vutations indicated that the aungmentation that would be produced
for a given set of conditions would be approximately doubled by
increasing the alirplane veloclty from zero to ome-half normal Jet
velocity., The effect of altitude on the thrust augmentation pro-
duced for a given set of conditions waes shown to be slight.

INTRODUCTION

The tslkke-off thrust of turbolet engines is considerably lower
than that of conventional engine-piopeller combinatlions due to the
iow propulsive efficlency of turbojet engines operating st low
airplans velocitles, Tn an attempt to improve the take-off, the
climb, and the hign—speed performance of airplanes powersd by
turnojet engines, an investlbpt on of various mothods of augmenting
the thrust produced by this type of engine is being conducted at
the HNACA Cleveland laborstory.

RESTRICTED
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One of the methods belng investigated ls tail-pipe burning,
which consists in providing a tall-pipe burner between the turbine.
discharge and the exhaust-nozzle inlet of the turbojet engine, The
tail-pipe burner, which is located downstream of the turbine end
therefore does not affect the turbine operating temperature, heata
the turbine exhaust gases to a temperature considerably higher than
would bo possible ahead of the turbins because of the temperature
limit imposed by the strength characteristics of the turblne mate-
rials. The increessed temperature of the gases at the exhaust-
nozzle inlet results in an increansed Jet velocliy and therefore
greater thrust. The addltion of a tail-pipe bwrner rosults in a
decroased total pressure at the exhsust-nozzlie inlet csasused by
friction losses and momentum pressure loss due to burning. This
decreased botal pressure tends to reduce the Jot velocity and
therefore to reduce the thrust increase produced by the Increased
temperature,

An analysis of this method of augmentction was made to provide
charts from which the performamnce of a turtojet engine operating
with tail-pipe burning could be conveniently estimated., The charts
and the enalysis presented in this report ennble the nrediction of
the thrust. auvgmentation produced when the noimal Jot velocity, the
tall-pips-burner temperature ratio, and the tail-pipe -burner pres-
sure loss are known. Additional curves are presented for evalusting
the friction pressure losses and momentum pressure loss due to tall-
pipe burning, With the use of the charts, illustrative cases are
caloulated and curves that show the effects of airplane velocity,
tail-pipe-burner inlet velccity, taill-pipe-diffuser efficlency, snd
burner drag coefficient on thrust augmentation are presented, The
effect of tail-pipe burning on the thrust and specific fuel con-
sunption of a turboJjet engine operating at various airplans veloci-
ties and for altitudes of sea level and 30,000 feet is computed for
8 representative case, Tho snocific fuel coifBumptlon of thrust auvg-
mentation (ratio of change in fuel consumption to chan(_e,e in thrust)
is alsc presented.

SYMBOLS -
The following symbols aro uged in the theoretlcal analysis:
A cross-secticmal area, (sg ft)

CA nozzle-throat area coefficient
APf b
_._L_

Cp tail-pipe-~-burner drag coefficisnt,
6v
2
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Cy
E

AP

APy

exbauvst-nozzle velocity coefficient

friction energy losses, (Tt-1b)/(slug)

net thrust of normel engine with conventional tail pipe, (1b)
net thrust of augmented engine, (1b)

Jet thrust, (1b)

fuel-alr ratio of tnil-pipe burner (ratio of fuel introduced
in tail-pive burner to air inducted by turbojet engins)

fuel-air ratio of anginse combustlon chambers
acceleration dus to gravity, 32.17 (ft)/(sec?)
mechanical equivalent of heat, 778 (ft-1b)/(Btu)

dimensionless factor that accounts for seffect of pressure
~ losses on thrust augmentation

mass rate of air flow, (slug/sec)
total pressure, (1b)/(sa £t)
static pressure, (1lb)/(sg £t)

averags value of gas constant over asugmentaticn temperature
rarge, 1715 (ft-Ib)/(slug)(oR)

total temperature, (OR)

mass aversge total temmersture at tall-pipe-burner exit
during sugmented operation, (°R)

static temperature, (°R)

velocities relative to airplans, (ft)/(sec)

airplane velocity, (£t)/(sec)

weight flow of fuel, (1b/hr)

total-pressure loss in tail pipe, AP, + APp, (1b/sq ©t)

total-pressure loss due to friction in tail-pipe burner,
(1b)/(eq £t)
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AFg total-pressure loss due to friction in tall-pipe burner and
diffuser, (1b)/(sq £t)

APy, . total-pressure loss due to momentun increase, (1b) /(sq £t)

¥ average ratio of specific heat at constant pressure to specific
heat at constant volume over augmentation temperature range,
1.30

Ne over-all combustion efficiency of engine and tell-pipe burner

nga efficiency of tail-nipe diffuser (ratio of increase in
potentilal energy of gas in passling through dlffuser to

B 2-1
By 4 <E§L5>7, -1
decrease in kinetic energy), 2= ll 2 = ?ils >
§_V5H -3 Ve
o mass density, (slug)/(cu £t) |
Subscrints:
& angmented
b tail-pive burner
a tall-pipe diffusecr
J Jet
n exhaust-nozzle throat -
0 amblent gtwmospheric coxnditicns
5 exhaust-cone exit ' T
8 tail-pipe-burner inlet
7 tall-pipe-burner exit
ANATY3IS = - -

The taill-pipe modifications nscesgsary to equin a turbojet
engine for thrust avgmentation by tall-pipe bpurning are illustrated
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in figure 1., Figure 1l(a) shows the engine with a conventioncl tail
pive and figure 1(b) the engine with the tail pipe modified for
thrust augmentation by tail-pips burning. The chief difference is
the addition of a diffuser section betwsen the exhaust-cone exit
(station 5) and the tail-pipe-burner inlet (station 6), and the
installatlon of the tail-pipe burner section. The ditfuser section
is senerally necessary to reduce burner-inlet velocities to a value
sufficiently low to kesp burner pressure losess at a low vaiue,
Because the exhaust-unpzzle area required for the auvgmented opera-
tion is greater than that for noixm~l operstion owing to the
decreased density of the exhaust goses during combustion, the
enging must be provided with some means of varying the oxhaust-
nozzle ares, '

The analysis of thrust sugmentetion by tall-pipe burning can
be conveniently divided into three parts: thrust asugmentatlion,
pressure losscs occurring in the tall-plpe burner, and reguired
changes in exhauvst-nozzle area,

The thrust and the Jet velocity of the engine equipped with
a conventionsal tail pipe sre designated the normael thrust end the
normal Jet velocity. The exhaust-cone-exit temperature 1is
unchanged by tail-pipe burning and the total temperature at the
tail-pipe-burier Inlet 1s equel to the totel temperaturs =zt the
exhaust~cone exit.

Augmentation

For convenience in derivation and application, the ratio of
the thrust of the augmented turbojet engine F, at any given
operating condition to the thrust F of the normal engine (no
tall-pipe burning and with original tail pipe) at the same oper-
ating oconditions of altitude, airplane veloclity, engine speed, and
turbine-inlet temperature is used as a primary varisble, With
equality of these conditions, the turbins-discharge temrerature
and the mass flow of aili® through the engine will also be equal
for the two configurations. It is presupposed that in sach case
the sexhaust-nozzle area is aljusted to give ithis eguality of
conditions, !

In any turbojlet engine the thrust is determined by the mass
air flow through the engine, the fuoel-alr ratio, the total pressure
and temverature at the exhaust-nozzle Iinlet, the ambient-air pres-
sure, the exhaust-nozzle velocity coefficient; and the airplans
veloclity. During thruet augmentation with s tail-pipe burner, thse
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exnaust-nozzle~inlet total temperature will be increased, which will
tend to increase the thrust, but the inlet total pressure will be
decreused. This pressure loss imposed by the tail-pipe burner will
tend to decrease the gain antlcipated from the increased temperature.

When the equations for normal and augmented net thrust are
developed, 1t 1s possible to find the ratioc of augmented net thrust
to normal net thrust F,/F 1in terus of the ratio of tall-pipe-
burner exit tewperature “to the exhaust-~cone exit temperature (tail-
pipe-burner inlet) 13/15, the ratlio of total-~pressure loss in the
tall pips to exhauet ~-cone~exit total preaswre AP/PS, the ratio of
airplane velocity to normal Jet velocity VU/VJ: and the ongine and
tail-pipe burner fuel-air ratios fo &and fy. The equations for
the ratio of augmented thrust to normul thrust are derived in appen-
dix A subJect to the assumption that exhaust gas behaves aa n per-
fect gas with constant thermodynemic properties,

The errors due to thig essumption sweo gulte sua.l. aActually,
the gas constant R changes very little over the range of fuel-air
ratios considersd. Although the ratio of specific heats y varies
frem 1,27 to 1,33 .over the teuperature renge involved, it enters
the Jet-velocity equation (equation (2), 'appendix A) twicze with
conpensating effects; the maximum error involved by use of an aver-
age value of 1.39 is less than 0.4 porcent,

The final equation for the net- Lhrust ratio, which 1s derived
in apprendix A, is : :

Ta) Vo :'
_115 _ K(E‘g (1 + .2 fp) - -fa -(1 - fg)
F . .

1 7 (1 - fg)

(12)

where
1-7
, Cy™Ts 7 -1 VN7 e\
K <7-1“‘T 1- 1-'2732}-;%—5- (1-1,5 (7)

(The equation numbers correspond to the equation numbers in the
appendixes.) fhe factor K accounts for the loss in total pressure
due to the introduction of the tail-pipe burner. A value of X
equal to unity represents an ideal case for which no pressuro losses
are incurred.,
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The terms involving Puel-alr ratio in equation (12) are neces-
sary to account for the difference in exbiaust-gas mess flow between
the normsal and augmented cases, which is equal to the fuel added 1n
the tall-pipe burner.

Burr.er Pressure Losges

The total-pressure loss cccurring in the tall-pipe burner,
which must be known in ordsr to evaluate augmented performance, can
be estimated by considering that the pressure loss results from two
causes: (1) friction losses caused by both the inefficiency of the
tail-pipe diffuser snd the drag of the burnor itself; and (2) momen-
tum loss caused by the increased velocity of the burner-exlit gases
during burning. The friction pressurs loss will be present regard-
less of burning and tiherefore will tend to penslize the performance
of an engine equipped for tall-pipe burning when the burner is not
in use.

The friction pressure loss 1s determined in terus of the dif-
fuser efficiency ng, the diffuser velocity ratio Vs/Vg, and
the burner drag cosfficient OCp. The exhaust-cone-exit conditions
for the modified configuration (Tg, P5, and Vg) are assumed to be
cqual to those exlsting at the exhaust-cone exlit on the normsl
engine, If the exhaust coné is modified for thrust augmentation,
station 5 for the augmented case will be that point for which the
conditions are equal to those at the exhaust-cons exit of the
normal engina.

The momentum pressure loss 1s caused by the increased veloclty
of the gases at ths burner exit when the tall-pipe burner is in
operation. This incressed velocity results In a loss In total as
well as static pressure. Because the Jet vesloclity and therefore
the thrust are dependent on the total pressure at the exhaust-
nozzle inlet, it is the loss in total pressurs that is of Interest
in this analysils.

Based on the followlng assumptions, the expressions for
friction pressure loss and momentum pressure loss due to burning
are derived in arpendix B:

(1) Combustion occurs in & duct having constant cross-
sectional area,

(2) Gas conditions of veloclty, pressure, and tempsrature
ars constant throughout any cross section.
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(3) Exhauvst gas behaves as a perfect gas having constant thermo- _ *

dynamic properties. : 3o
(4) The effect of fuel added is neglected.

The final expression for friction.pressure drop, which 1is =
derived in appendix B, is -

[ 7
- . 7-1
: 2
AP Vg2 v
X _ 1. 2= 186 - - S_ .
Ps R 2yR Ts ‘CD * (»1 __T]d) <V62 ) > (18)
[N R -~

and that for momentum pressure drop ls . =

2
Zs Vs \
N Ts .
-1's + iy
(1 2R T3 ) R-2Z- 1 6
AR, 2y Tg
% 2 2 (23)
7-1 his \
R A R 1+
2yR Ty

where

TQ/R\/TI-Q+1+1 VG\_,[TS 4 ﬁg+7+l Ve 2-23{/?_*’_’:\
v V=TT " yE) R TV B g\ |

,\/-5[7;‘ z;l . . -

In equation (32) the value of the radisal decreases as -Ta/Ts : =
increases and an upper limit for Tg/Ts is reached at which the o A\
value of the radical becomes zero. Any higher valus of T,/Ts _
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would result In & negative value for the radical and wculd indicate
an imaginsry value for V7/«/Ta. The physlcal slgnificance of this

limiting value to velocity 1s that the gas velocity at the tall-
pipe~burner exit has reached the local speed of scund and no further
increase is possible. This phencmsnon of "thermal choking" is
discussed in reference 1.

The total-pregsure loss across the burnsr ls the sum of +the
friction pressure ioss and the momeuntum pressure loss. For the
purpose of computing the totzl-pressure loss across the burner, 1t
is sufficiemtly accurate to use the following approximation, which
is derived in appendix B:

AP _ APf APm

AP A _
where fgi and ifg are dofined by equations (18) and (33),
6 :
respectively.

Paquired Exhaust-Nozzle Area Ratios

The temperature rise and the total-pressure loss occurring at
the inlet to the exhauvst nozzle during augmented operation increase
the area required over that for normal operation. For the case in
vhich supersonic flow exists in the sexhsust nozzle for both the .
normal and augmented.configurations, the expression fcr the effec-
tive areg ratloc for convergent nozzles, as derived In appendix B, is

Ciye Mya 14T\ [Ta o (45)
Caln ~ 1.2} V% 7.
.-‘\ Ps o :

For the case in whioﬁ the velocity in the exhaust-nozzlé throat is .
lesgs than sonic for both conflgurations, the expression is

Ca g P, 1T,
_Aya "myn 1l-a

Becausge eny Jet engline eguipped for thrust augmentatlion by
tall-pipe bwming . will be equipped with an adjustable-area exhaust
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nozzle, equations (45) and (47) will be of value in determining the
approximate area range required of the nozzle, The ares coeffi-
clents CA,a and C, may change appreclably between the augmented

and normal cages depending on the design of the adjustable-area
nozzle. '

For convenience of epplication, the foregoing relations
recuired to compute the thrust augmentation, equations (12), (7),
(18), and (33) are presented in graph form.

RESULTS AND DISCUSSION

General Curves

The retio of augmented net thrust to normal net thrust ¥, /F,
as a function of effective burner-exli tempersture factor

1600 Yo
K‘I‘a< T, ) (1+2f,) for various values of ﬂ (1-£g), aB expressed
in equation (12) is graphically presented in figure 2., The effsct
of nomuniform tail-pipe-burner exit temperature is discussed in
appendix C, Because strength characteristics of turbine materials
limit the turbine-exlt temperature of current turbojet engineg to
approximately 1600° R, the value 1800° R wes introduced into the
effective-temperature factor in order that the value of the effec-
tive telil-pipe-burner tempersture factor in figure 2 would lie in
the vicinity of the actual burnsr-discharge temperature, The
factor X has a maximum value of unity, which represents an ideal
system in which no pressure losgses are incurved. Figure 2 shows
thuat over the range of tall-pipe-burner exit temperatures undor
congideration, for a glven ratlo of airplane veloclty to normal

Jet velooity Vp/Vy, the ratio of augmented net thrust to normal
net thrust Fa/F veries almost linearly with effective burner-exit
temperature factor. TFigure 2 indicates that Increased alrplane
veloclty has a beneficial effect on augmentation produced at o
given effective burner-exit temperature, the augmentation being
doubled as alrplane velocity increases from zero to ons-hsalf normal
Jet wvelocity.

The veriation of the factor K, whlich accounts for pressure
losses occurring in the teil-pipe burner, with normal Jet-velocity
V3 /1600
¢ V Is
pressure loss to exhaust-cone-exit total pressure. AP/?s is showm

factor for various raetlios of tail-pipe-burner total-
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in figure 3, This figure is a graphical representation of equa-
tion (7). The ratio 1600/Tg is introduced in the normal Jet-
velocity factor to emsble rapid use of the curve, as previously
mentioned. PFigure 3 indicates the degirablility of keaping the
pressure losges In the tail-pipe burner at a minimum, eapeclally

Vi f1s00
at low values of the Jot-velocity factor Oy ﬁ/ Ts * At a value

: J3, /1600 : .
6; A -ﬁfg— of 1600, increasing the total-pressure losses in

the taili-pipe burner fram 5 to 1E percent of the burner-inlet total
pressure reduces the valuwe of K from 0,901 to 0.68l. A%t a
burner-exit temperature T, of 3600° R, this decrease in the value
of K results Iin an 18-percent reduction in static-thrust avgmen-
tation and a l3-percent decreass in thruvat without tail-plpe burn-
ing. Figure 3 aleo shows & beneficlgl effect of Increased girplans
veloclty on augmentation in addition to that discussed in comnec-
tion with figwe 2, At the increased Jjet veloclties that accompany
increased airvlane velocities, the value of K increases and thus
ralges the effective tall-pipe-burner sxit temperature factor

)

KTg (1300\ (1+283) .

5/

Q.

The ratio of friction total-pressure loss to exhaust-cons-
exit total pressure AP;/Pg and the ratio of momentum total-

pressure lossg to burner-inlet total pressure AEm/?s can be dster-
mined from figures 4 and 5, respectively. The value of AP/?5
used in finding K from figure 3 ie simply the sum of APr/Pg

and APm/PG.

In figure 4 the ratio of friction total-pressure loss to
exhaust-cone-exit total pressure APp/Pg 1is plotted against

burner-inlet velocity factor VSIM 2%99 for various values of the
5

7.2
Vst
over-all dreg factor OCp + (L-ng)i —§§ - 17). This figure, which
WV /
N6 e

13 plotted from equation (18), indlcstes the large friction total-
pressure losses Incurred at high values of the veloclty factor

[ 1600 3

7/
2
Vg
-VSWJ_EE;' and of the drag factor OCp + (l-nd)(’;ég - 1>).
\'s
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An exomination of equation (18) indicates that the conditions
for which the friction pressure losses in the tail~pipe burner ere
& minimum are determined by the sum of tine diffuser efficiency ng

@ the burner drag coefficient Cp., If the sum of 754 and Cp

is greater than 1, the minimum friction pressure losses occur for
an infinite diffuser velocity ratio VS/Vbi whereas 1f the sum
of ng and Cp is less then 1, the minimum losses occur at a 4if-

fuser velocity ratio of 1, In an actual design, this criterion for
minimum friction pressure losses must be considsred in conjunction
with momentum pressure losses during burner operation and practical
considerations of size and burner-cowbustion characteristicas,

The ratlo of momentum totel-pressure loss to burner-inlet total
pressure APy/Pg, which is calculated from equations (32) and (33),

is shown as a function of burnmer~inlet veloeity factor Vg x/lgeo
o]

for various valuves of tail-pipe-burner temperature ratio Ta/Ts in

figure 5, The rapid increase in momentum pressure losses with
increased burner-inlet velocity for a given temperature rstio across
the tail-pipe burner indicates the desirability of providing a dif-
fuser section belore the tail-pine burner. Figure 5 also Indiocates
that for any burner-inlet velocity there Is a limiting tempersture
ratio that can be attained. This limiting temporaturs ratio is
reached when the gas velocity at the burner exit reaches sonic
velocity and increases as the burner-inlet velocity decreases.

A sample calculation, which illustrates the method of using
figures 2 to 5 to determine the augmentation for a specific turbojet
engine, is given in appendix D,

Illustrative Casges

With the use of the curves previously discussed, illustrative
cages were calculated to show the effect of the varicus design
variables on thrust augmentation of a typical current turbojei
engine. The results are presented in figures 6 %o 9. Tho ocurves
pregented in figures 6 to 8 are for gea-level altitude end it was

. Vi /1600 -
asgued that the Jet~velocity factor 5; =5~ wag 1550 feet
- (<

per second for static conditions and 2010 feet per second for an
alrplane velocity of 1026 feet per second (700 mph)., For botk
conditions the normal tail-pipe total. tempersture Ty wes assumed
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to be 1650° R. The calculationg for figures € to 8 did not include
the effect of the alded mass flow supplied by the engine cnd tail-
pipe-burner fuel flows and therefors result in slightly consorva-
tive valuss of augmentation, In figures 6 to 8 the uppermost curve
represants an ideal case in which no friction nor wmcmentum pressure
losges are incurred. A vexrtical liune.is drawn on ocach figure ab
the normal tail-pipe gas temperature of 1650° R and the point ab
which each curve intersects this line skows the losa in thrust
produced by the instelletlon of the buwrner when no buwning occurs,

In figures 6(a) and 6(b) the ratios of augmented net thrust
to normal net thrust Fa[F as a funchbion cf tail-pipe-burner exit
temperature T, for varlious values of burner-inlet velocity Vg

are presented for alirplsne velocitics of 0 and 70O miles per hour,
respectively. An exheust-conc~exit velocity Vy of TS0 feet per

second, a burner drag ccefficient Cp of 1.0, a tail-pipe diffuser
efficlency 73 of 0.8, and an exhaust-nozzle veiocity coeffi-
clent Cy of 0.975 were assumed for both static and high-speed
conditions. Figure 6 Indicates that the lower the burner-inlet
velocity, the greater the augnenietion that cen be obtained for a
given buwrner-exit temperature, For exampls, an engins having a
burner drag coefficlent Cp of 1,0 and a burnerfinlet velocity Vg
of 700 feet por second will precduce a méximum static-thrust augmen-
tation of 9.5 percent for an optimum value of burner-exit tenmpera-
ture compared with 36.5 percent with a burner-inlet veloclity Vg

of 400 feet per second and a burner-exit temperature Ty of

3600° R (fig. 6(a)). The Improved performance st the low burner-
inlet velocity is due to the Tact that losses that are incurred

in the diffusion process are more than campensated for by the
decreased burner pressure losses resulting from low burner-inlet
veloclties, DBecause decreased burner-inlet velocitlies require
larger tail pipes, the amount of diffusion may be limited by
airplenc-instgllation considerations.

For this case the diffusor-oxlt diemoter required to give
burner-inlet velocities of 600, 400, and 200 fest per second are
1,107, 1,244, and 1,885 times the diffuser-inlet diameter, respoc-
tively. A comparison of figures €(a) and 6(b) shows the beneficial
eifect of high airplenc velocity on thrust susmentation. At a
burner-inlet velocity of 400 feet per second and a burner-exit
temperature of 3200° R, the thrust augmentation increases from
30 percent for static conditilons (fig. 6(a)) to 69 percent for an
alrplane velocity of 700 miles per nour (fig, 6(b)). This effect
1s even more Pronounced in burners hevirg s high inlet velocity
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and corresponiingly greater pressure losses. For a burner-inle®
velocity of 750 feet per second and s burner-exit tempersture of
3200° R, the augmentation increases from 2.5 percent for static con-~
ditions (fig. 6(a))to 35 percent for an airplans velccity of

700 miles per howr (fig. 6(b)).

The seffect of burner drag coefficient on thrust augmentation
for airplans velociltiss of © and 700 miles per hour is shown in
figures 7(a) and 7(b), respectively, Curves are included for
burner-~-inlet velocities of 400 and 700 feet per sescond., Fox both
the static and high-speed condibtions, an exhaust-cone-exit veloc-
ity Vg of 750 fest per secomd, a dlffuser efficlency ng of 0.8,
and an sxhaust-nozzle veloclity coefficisnt . of 0,975 were
assumed, This figure indicates that the thrust augmentation avall-
able 1s very sensitive to burner dreg coefficlent especially at
high burner-inlst vslocities. TFor exeauple, an engine having a
burner-inlet veloclty Vg of 700 feet per second and a burner drag

coefficlent Cp of 2.0 will produce only 93 percent of the normal
thrust (7-percont loss) at static conditions for the optimm
burnsr-exit temperature and 82 percent of the normal thrust
(18-percent loss) without burningz (fig. 7(a)). At an airplane
valocity of 1026 fset per second (700 mph) (fig. T(b)), the seme
burner with an exit temperature of 3200° R will produce a thrust
augmentation of 23,5 psrcent but without burning will cause a

losgs in thrust of 22.5 percent. = o '

Figures 8(a) and 8(b) show the effect of diffuser officiecncy
on tihrust augmentation for airplane velocities of O and 1026 feet
per sscond (700 mph), respsctively. A burnsr-inlet veloclty Vg
of 400 feet per second, & burner drag coafficient Cp of 1.0, and
en sxhaust-nozzle velocity coefficient Cy ©of 0.975 were assumed
and curves are presented for exhaust-cone-exit velocities of 750
and 1050 fest per second. Figure 8 shows that for a diffuser
efficisency of 1.0 the thrust augmentation is independent of
diffuser-inlet velocity; however, as the diffuser efficisncy
decresages the effect of increasing exhsust-cone-sxit vslocity is
to decrease the possible thrust avgmwentatlon, For example, at a
tail-pipe-burner exit temperaturs of 3200° R, by reducing the
diffuser efficiency from 1,G to 0.6 the valus of the. augmented
thrust at zero airplans speed is reduced(approximately 4 and
10 percent of the normel thrust for diffuser-inlet velocltles of
750 dnd 1050 feet per second, respectively. A simllar decrease
in thrust sugmentation ls obtained at an airplsne velocity of
700 miles per hour for the same conditions. '
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In fipure 9 the net-thrust ratio Fa[F, the speciflc fuel

consumption for normal engine operation 3600 W/F, the augmented
gpecific fuel consumption 3600 Wa/Fa, and the specific fusl con-~

stmption of the thrust augmentation 3600 (Wg=W)/(F5-F) (increase

in fuel consumption divided by increase in thrust) are plotted
against airplere velcclty Vo for altltudes of sea level and
30,000 feet., TFor the calculations of this figure the ef:rect of the
tail-pipe-burner fuel flow on mass flow was included and the fol-
lowing conditiong wore assumed: exhaust-cons-exit tempereture Tg,
1650° R; burner-exit temperature T,, 360C° R; exhaust-cone-exit

velocity Vg, TS0 feet per second; burner-inlev velocity Vg,
400 feet per second; burner drag coefficient Op, 1.0; tall-pipe
diffuser efficiency 14, 0.8; and over-all combustion efficiency
of the engine and teil-pipe bwrmer 1g,, 0.85, For the calcula-

tions of the data presented in figure 8, the over-all combustion
efficiency n, 1s defined as the combined combustion efficiency
of the engine and tall-pipe bwurnsy, The efficlency of the engine
corbustion chambers wWas calculated to be approximately 0.85 and
the efficiency of the tail-pipe burmer was chosen so as to give
an over-gll efficiency of 0.85. Tor all conditions of airplane
velocity and altitude, the resulting combustion efficiency of the
tail-plipe burner was apvroximately 0.80, The Jet~engine perform-
ance data used in calculating the curves are representative of
current turvcjet engines. The fuel flows required for tail-plpe
burning were calgulated from the data of refersnce 2, which con-
giders the effect of variation in specific heat.

Figuwre 9 indicates the Increase in awmentatlion accompanying
increased airplane velocity. For exsmple, at sea level, when the -
alrplane velocity l1s increased from 0 to 700 miles per hour, the
thrust augmentation is increased from 42 to 96 percent. The tall-
pipe burner for this case will csuse a loss in thrust without
burning (fig. 6) of 4 percent of the normal thrust under stetic
conditions end 5 percent at an airplane velocity of 700 miles per
hour. For the particular set of conditions chosen, figure 9 indi-
cates that the amount of thrust augmentation produced does not
marksedly change with & change in altitude from sea level to
30,000 feet, the low altitude belng slightly better at high air-
plane velocities and the high altitude being somewhat better at
low airplane velocities, The specific fusel consumption of avgmen-
tation is somewhat less at an altitude of 30,000 feet than at sea
level, and the effect of increased airpiane velocity is to decrease
the specific fuel consumption at both alititudes.
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SUMMARY OF RESULTS

Based on a theoretical analysis of thrust augmentatlon of
turboJet engines by tail-plpe burning, the followlng concluegions are
indicated.:

1. By use of practical values for burner-design variables and
an effective tall-plpe-buimer exit temperature of 3600° R, calcula-
tions indicated that 1t was. possible to augment the sea-level thrust
of a typlcal current turbojet engline 42 percent at static conditions
and 96 percent at an alrplene velocity of 700 miles per hour. The
analysis indicated that the frictlon pressure losses occurring in
the tail-pipe-burner Installation would result in a loss in thrust
of 4 percent for static conditions and 5 percent at 700 miles per
hour without burning.

2. For a given set of conditions, the calculated thrust augmen-
tatlon produced was relatively ilnsensitive to altitude; the low
altitudes wero slightly more favorable at high airplane velocities
and. the high altitudes were somawhat better at low airplane
velocities,

3. On current turbolet engines having high gas veloclties at
the exhaust-cone exit 1t is desireble in modifying the engine for
thrust sugmentation by tail-pipe burning to install an additional
diffuser section gheasd of the burner to reduce the gas veloclties
and therefore the momentum and friction pressure losses occurring
in the tall-pipe burmer.

Alrcoraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio,
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APFENDIX A

DERIVATION OF THRUST EQUATIONS

The Jet velocity of a turbojet engine is determlned by the
total temperature and total pressure of the gas at the exhaust-
nozzle inlet and atmospheric gtatic pressure according to the
equation

- 2 27R Ps,0\
vJ_,VcV 25 7 1-(-%25— J (1)

When burning occurs in the tall pipe, the total temperature
and pressure at the exhaust-nozzle inlet are changed and the auvg-
mented Jet velocity becomes

2-1]
4
_ 2 2R _(®s,0
vJ,a‘VGV Sy T, |1 (-ﬁ;:) (2)

When eguation (2) is divided by equation (1), the ratlo of the
avagmented to the normal Jet velocity is

2=t -1
/zw’(?_@“’
\

1

1 -
Via _ [T Ps / 7
Vs Ts z-1
/

(3)
Y

- (32)
P
When the value under the second radicel of equation (3), which
is the factor that accounts for the effect of the pressure loss
occurring due to tail-pipe burning and burner drag on Jet velocity,
is denoted K, equation (3) may be written as
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v T
Tee ., [ 2 (4)
3 Ts
wvhere K 1is
-1 21
rp=\ 7
1 - (.I?ELQ k=)
\ Fs E7
K= 5
= (5)
4
1 - (Eﬂﬂg\
\ Fs /
ik
B, oo\
8n the value of (__%,_Q obtained from equation (1) is substi-
\ *5

tuted in equation (5) and the loss in total pressure occurring due
to tail-pipe burning is taken as AP = Pg - P, the expreossion for
X %becomes

z-1
2 N
T T 2yR cv2 Ts) Pg - AP
K = - (6)

2
y =1 V3
27R 2 m
7R Cyt T

By rearvangement equation (6) becomes

lay—

' 2

2 Y

X = Z7RICV AN P /1-72‘1 Y3 \(1-é£> (7)
Y- 2 ¥R 2 '
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The normal net thrust of a turbojet engine is equal to

T =M (VJ - Vo) + MEVy (8)

In the ssme manner, the net thrust produced with tail-pipe burning
is

Fo =M (vj’a - Vo) + ¥ (fg + ) Vi,a (s)

When equation (8) ie divided by eguation (8), the ratio of the aug-
mented to the normal net thrust is
Fo Vi,a (1+ %5 +fp) - Vo

FT Vi (L4 £s) - Vg (10)

Whon both numerator and Genominator of equation (10) are
divided by V3 (1 + fg) and the value obtained from equation (4)

is substituted for Vi o/7;, the ratio of the augmented net thrust
Yo normal net thrust is

) Ki‘-éfi:ie:.fk) Y )
EE _ | Ty \ 1+ £ Vi \l + fe

e Vo f 1>

L-v, \T+ 5%

(11)

By including the fuel-aglr-ratio terms under the radicel and
performing the indiceted divisions, equation (11), neglecting
second- and higher-order terms, becomes

T v
a QO
AJK — (L + 2f+,) === (L - £
Fa /\/> TS ( D) VJ ( S)

F < : (12)

70
l-ﬂ(l-fe)
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APPENDIX B o

IERIVATION OF BURNFR PRESSURE~LOSS AND
EXHAUST~NOZZIE~ ARBA EQUATIONS
Burner Pressure Loss

The loss in total pressure when burning occurs in a constant
cross~-sectional-area tall pipe can bs convenienbly divided into two
parts: The flrst loss is due to additional frictlon and turbulence
and is accounted for by the diffuser sfficiency and the burner drag
coefficient., The second loss is the momentum pressure loss due to
burning and is determined by the ratio of the outlet to the inlet
gas temperature of the burmser.,

By definition, the diffuser efficiency is the increase in
isentropically available static-pressure energy divided by the roduc-
tion in kinetic energy. Thus, the energy loss in a diffuser is the

2 2
. v vV
difference hetween the reduction in kinetic energy _g_ -..ﬁ.) and

2 2 2
Vs™ Vg
the increase in pressure energy ngl —5— - =3-
= 2 .2
[ 2 2
Y
By = (L - ) S . .v_§_ (13)
a = na > 2
By definition, the burmner drag coefficient is
AP. :
i 5 o
D~ p v 2
s 6

Inasmuch as the energy loss is equal to AP/p for small pressure
losses, the energy loss dus to bwme:r dreag is

3

Ey = Cp > (18)

The total energy loss due to friction and turbulence in the
diffuger and burner (E3 + Ep) are summed and equated to the
energy relsased by the expansion through the pressuro ratio (P6/P5):
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By rear—angement equation (168) becomes

7

~2 |
Is : > ()

2
6
2 {2 oo w( )

The pressure Pp has been so chosen that the pressure losses
between Pg and Pg will include the burner as well as the dif-
fuser friction pressure loss. The friction pressure loss APy is

then equal to (P5 - Pg) and by solving oquetion (17) for this
term and eimplifying

APy 1 Vg2 : ‘] 7'
'?—g— = ll- 1 - Z——-—Z’)’R "‘ITg'— (.:D -+ (1 - ‘l']d} "‘"’" - J (18)

The momentum pressure lose occurs due to the incresse in veloc-
ity of the gas when it is heated and conseguently nas 1%e density
reduced. In a constant-area pipe, the force nscessary to rroduce
this acceleration must come from a reduction in static pressure. A
loss aleo occurse in total pressure and it is this loss that et be
evaluated inassmuch ag the Jet velociiy demends upon the total
pressurs,

From the conservation of mowentum between stations 6 and 7,
the followlng equation can be written:

Aps,6‘+ MVg = Apg 7 + MVy (19)

Inasmuch as the mass flows pest staticng 6 and T are equal,
the following 1s true:

D D
M=o vy = 2l

T = w7 (20)
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When the values of M from equation (20) are substituted in equa-

tion (19},
V.2 V2
6 . .
Pg,s <1 +’§:;é> = Pg,7 (1 +§%> (21)

The total and static sbates at astations 6 and 7 are related by the
following equations:

~ 1
T6 = Ts = 'bG + Z“é‘,;ﬁ" Vsz (22)
- 1
T7 =Ty = 'tT + %'—ﬁ—' VTZ (23)
X
4Ilk 'IV--L
= 5
P = 2a,6 (52) (24)
2
T 71
Pn = 2 | (25)
7 - Pa}? 7 2

By converting to total temperature and pressure, equatlon (21)
becomes

e 2.
r-1 . - 7-1
v v '
(i) foo o (o )
A . a
R<T5 27R )
2
v
14 - 7 (26)

/ y =1 2)1
B{Ta TR Wy _J
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When eguation (26) is rearranged, the expression for the ratic of
ti:e total preseure at the tailspipe-turmer exit to the total pres-
sure at the tail-pipe-burner iniet is

2
Vs
2 T,
7-1 14 —~
V.2 iy
. (1 - .“/_é:__l ___) R-2-1_6
.L. _ 7R TS 67 5 (27)
PS / V72
2| T
reL 1+
Y. Z V'?z
R A S R-2=1 0
2yR Ty 2y Ty

In order to determine V?-/qj—'l‘;, which must be found before
equation (27) can be solved, au"_ostitute for Ps,6 and Ps,7 in
equation (19) the values deteimined in equation (20),

= + Vg = 7 + V. (28)
Vg 67 vy 1
When converted to totel temperature, equation (28) becomes

———'-7——‘—7-lv6+v5= a-?——?—-—l-v7+v7 (29)

RT BT
S 1 1
= *+ Y6 (Z_i_. = .V_E + Vo (.2'._"'_ (30)

Equation (30) can be rearranged as a quadratic in V-(/,V—'f[‘:,
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‘JTS

2
X’? 7+1“V'{ ‘\/T Ve E(z__-{___]: + R0 (31)
W T ym | Yo 4%

h'/Ts J

When equation (31) is solved for V7/1/Ta

AT v Ts Vg \ :
o (RO R B ) o

[Ty, | 2+ 1
Y
(32)

Equation (32) gives a value for V., /ATy in terms of Vg/4/Tg
and Tg/T5 and when combined with aquation (27) gives a value Tor
P'{/PS in terms of the same variables. Equation (27) can be
rewritten to express the momentum pressure loss (APm = Pg - P7)
as a ratio to Pg

2
) Y6 _
- Te .
20 L+ : z
{1_ _1V6 R W "__]:.16_..
AR, \ 2R Ty 27 1y
o =1-= : — - (33)
. 2 v \
o\7~1 ol
7= 177 Tq
\l " TBR T LR g
v
.
2y Ta/

The total-pressure loss due to both friction and momentum can
now be found from the separate pressure losgses svaluzted by equa-
tions {18) and (33). The total-pressure ratlo across the burne+ is
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P P P '
NENE)
5 \Fs5/\FPe
When these ratlos are expressed in terms of the respective prossure
Josses
" APg AP
I - %2 = (1 - §—§> <}‘; §—é> (35)
5 S ]

When simplified, equation (35) becomes

ap  OPp . AR, APy ARy
Pg Ps Pg

(36)

The third term on the right-hand side cf ecuation (36), which
1s guite small compared with the other two, can be neglected without
appreciable error. Neglecting thim term is eguivalent to aosuniung
that P; = Pg and results in the total-pressure loss being
expressed as : '

AP AP AP
'I?'s' = PE + PG (37)

Exhaust~Nozzle Area

Expressions for the exhaust-nozzle throst-eres rstleos required
for the augmented and normal caeses can be devived in the following
nmenner:

From the conservation of mass, for the normal case

_PnCp Ap Vp

=T+, (38)
and for the augmented case
C.
M = pn_,a “na8 An,a ana (39)
1+ fe + r'b
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By equating and solving equations (38} and (39) for the effective
area ratlo, the following expression is obtained:

9A,a An,a - (1'+ feo + fb) ( Py ) " Vn : (40)
Cp Ay~ 1+ fg Pn,a/ \Vn,a

Prom the equation of astate

Pn Ps,n 'n,a
ty

= (41)
Pn,a Ps,n,a

In cages where the exhaust-nozzle-throat veloclty is sonic, the
ratio of the augmented to mormal throat velocitles depsnds only on
the square root of the augmented to normal total-temperature ratio.
The ratio of augmented to normal nozzle-throgt static pressures is
directly proportlonal to the ratio of the augmented to normal total
presgsures and the ratio of static temperatures is equal to the
ratio of total temperatures. For this case, the ratlo of the
densities is :

p P T
-8 __5 TE (42)
p T
Il (43)
Pn,a 1 - 4B T5

Accordingly, equation (40) becomes

Cp,a n,a fo \/ 1 \<Ta> T
“ﬁTn“*=<“1+fe)‘1_%E)"T§ n) o0

-,
'\

When it is assumed that fy/(1 + f») 1s approximately equal to £y,
eguation (44) can be reduced to

CA,a AIIJ& - Lo+ fb\ “T_é (4,:,)
5

I
N P
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Por the case where the exhaust-nozzle-throat velocity is aub-
sonic, the nozzle-throat pressure lg atmospheric static prossure

/S T
and the ratlo of augmented to normal Jjet velocitiaes is ﬂ/ K E%'

(See appendix A, equation (4).) The ratio of augmented to normal
nozzle-throat static temperature is, neglecting the effect of pres-
sure losses, equal to the ratio of augmented to normai total tom-
peratures. By assuming again that fp/(l + fs) 1o approximately

equal to £y, equation (40) becomes

e
Chafne  (y,g)78 /175 (4€)
Cp Ay Ts YV ET,

gimplifying

c Az ,..__TIT.. .
A,a “1n,a 1 1g .
a8 L8 . e =

It is assumed in equation (47) that the nozzle-velocity coefficient
is unchenged between normal and esusmented operation.
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APPENDIX C

EFFECTIVE TAIL-PIPE-BURNER EXIT 1EMPERATURE

In the ncrmal turbojet engine the turbine and long tail pipe
tend to mix ths sxhaust gases sufficiently to produce a relatively
wniform temperature distribution and the Jet veloclty can be calcu-
lated using this temperature, If the engine is equipped with a
tail-pipe burmer, however, the temperature distribution mey be very
uneven either due to poor fuel dlstribution or to a deosign in which
the fuel 1g so distributed ag to Live a hot core of gases in tuse
center of the tail pipe and & rolatively cocl layer next to the
tail-pipe wall for cooling purpvoses. In either event some method
nust be deviged for evaluating the effective temperature of tho
exhaust geses in order to calculate the get velocity,

The effective gas temperature can be determined by assuming
“that the total ard static pressures arse uniform throughout the
cross~gectional area of the Jet, When the Jet thrust is considered
a8 the sum of the momentum increase along sach gtreoam tube where
each stream tube handles the same mass flow, the thrust is

F'j’a =M (Vj,a) = ldlv‘-},a’l + MZVJ,a)z + ¢« « ¢ + MnVJ)a,n

where the subscripts 1, 2, . . ., and n indicate individual stream
tubes. '

The Jet velocity Vj g (appendix A, equation (2)) is given
by the expression

7=t

27R Pa,0\ 7
Voo e 4o 2 |1 - (220)
¥

and by writing siumilar squaticns for the velocity along each indi-
vidual stream itube and elimlnating the coustants the oxpresaion for
Jet thrust becomes

Fy © M AT, =M AfTy 1 +Mp 4/Ta 2+« » o+ 1 4fTq 0 (48)

and because M =M} + Mp + . . My, the effective temperaturc is
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= (Lil'v‘Ta,l tMa ¥ Taat v . - Mn'ﬁ;;l\)z *(49)

Ta *
M1+M2+'o|rh

Equation (49) is general but in ordsr to be useful both the temper-
ature and mass-flow distribution must be known.

For the special case when Ta,1s Ta,2 « « ¢+ Ta,n correspond

to equal mass floews (M3 =Mz = . . , My), equation (49) can be
simplified to

(50)

 E————— "—-—-—.- 2
. ('\/Ta,l * A Tg g F o . 'VTa,n)
o =

n

Usually, the wmass-flow distributicn will not te known, but for
the case when tempersture measurements are taken at the center of
equal flow areas, the mass flow through each area can be found and
the effective temperature distribution dotermined as follows:

Iet My, Ma, . . . My -be the mass flows for the equal flow
areas, The mess flow in a gtroam tube can be expressed as

My = p1 A3 V1 L . (51)

If -the exhaust-nozzle veloclty coefficient ls assumed to be
equal to 1, the static temperature in the Jet can be expreossed as

r=1
7
/P
0
ta,1 = Tg 1 \-;-‘-) (52)
T
and the Jjet velocity as
T ﬁl-
v. Al 2R L _(?s o\7
‘j = y - l Tajl - PT j (53)

The mess flow in the stream tube is then
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30
/ P
7
Ps,0 _2R_ 44 - (%80
My = 2! 71 Ay o Ta,l 1 ('—Pf(—- ' (54)
Ps,0\ 7 h
RTa.,l <--'L-'P7 )

By writing similar equations for Mp, . ., + , My, substituting in
equation (39) and eliminating the constants, ‘the expression for
eff'ective temperature becomas

2
Ta: / A1+A2+. « 0An o \ (55)
Ay Ap An

+ e '
YTa,1 A/ Ta,z ’VTa,n/,

Inaspuch a8 Ay = A = .. . s Ap, the expression for effective

burner-exit temperature T, becomes

T, = - = - (56)

— ,_._-{...-—-:—._..::
W/T&: @[—; 2 ﬂ/Ta,n

In order to illustrate the effect of this type of an averagse,
consider & tail pive in which the central one-half ares of the tall
pipe has e temperature of 3600° R and the half resr the circumference
has e tempereture of 1600° R. The effective temperature is not the

arithmetic average of 2600° R hut from squation (56) is

o 2 2 . . .

v o=/ 2 \: 2 = 48% = 23040 R
S (O N | 1. 1)

607 .

\ Vicdo * Vzeos )
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APPENDIX D

SAMPLE CALCULATIONS

31

The following sample calculations illustrate the use of the
figures to evaluate (1) augmented performance from normal pexform-

ance data and (2) total-pressure loss occurring in a tall-pipe

burner and difrfuser omerating at a speciried set of conditionsa.

Augmentaticn

The following exrmple will illustrate the use of figures 2

and 3 in finding the thrust augmentation produced by tail-pipe

burning for a turbolet engine operating at the following set of

conditions:

Alrplane velocity, Vg, ft/eec . . . . . . .« . .
Alr flow, M, BLUZE/S6C « v v« 4 s w4 e e e s s
Fuel flow, W, 1B/BY . v v v 5 « ¢ ¢ 5 o o o o o« &
Burner-inlet total temperature, Tg, %R . . . . . .
Net thrust, F, 1D . ¢ « ¢ ¢ ¢ v o o o o o « o o+ o
Ratio of total-pressure loss across tall-pipe burner
and diffuser to exhavst-cons-exit total pressure,
L o £
Burner-exit total temperature, Ty, °R . . . . ..
Exhaust-nozzle velocity coeffileclent, Cy . . . . . .

The Jet thrust 1o given by the following expression:

Fy = F + Vg

1425 + 0.889 X 733

fl

1425 + 651 = 2076 1lb

T35

0.889
1850
1680

1425

0.10

2960
0.975

The Jet velocity can be found from the Jet thrust and mass

flow of exhuust gas:
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Fs

. W
3600 X 32.17

M

2076
0.88% + 0.018

= 2293 Tt/sec

The Jet~velocity factor, which is used in figure 3 to determine
K, ocan now be found:

Yy . Jie0o _ _zess  [1600 _ ..o, £4 /a00
oy \/ Ts T 0.975 1680

By use of figure 3, the Jet~velocity faotor and the retio of
loss In total pressure acrogs the tail-pipe burner and diffuscy bo
exhaust-cone-exit total pressure, the value of K can be found:

X = 0,915

When the fuel flows ars neglected, the effective bwrner-exis
temperature factor for use in figure 2 is evaluated as

1600 1600 (o}
o - 7 i
K_Ta = 0.815 X 2960 X 7680 25807 R

and the ratio of airplane velocity to Jet velocity is

Vo 723
— o el & 31¢
VJ 293 9"31

When figure 2 18 used with the effective burner-exit tom-
perature and the ratio of airplans velocity to Jet velocity, the
rgtio of augmented net thirust to normal net thrust is found to be

Thus for the particulsr engine and conditlions chosen 1t is possible
to augment the thrust produced by 40 yeorcent., If the weights of
the fuel flows had been coneidered, the effect would have becn a
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slightly higher thrust augmentation because the effective burneor-
exit temperature factor would have been increased by the factor
(1L + 2fp) although the ratio of ailrplane to Jet veloclty would
have been decreased by (1 - fg).

Burneyr Pressure Loss

The following exsmple i1llustrates the use of figures 4 and 5
in finding the loss in total pressure occurring in a telil-pipe
burner operabting under the following set of conditlons:

Burner-inlet veloclity, Vg, FE/86C « v ¢ 4 4 ¢ o 0 0 s
Exhaust-cone-exit velocity, Vs, PE/86C 2 4 4 4 4 4 o 4 s o 1000
Burner-inlet total temperature, Ts, %R . « + « » & « « « « 1680
Burner-exit total temperature, Ty, "R« « ¢ ¢« ¢ o ¢ « « o » 2960
Burner drag coefficient, Cp + ¢« ¢« « ¢« ¢ ¢ s ¢ ¢ ¢ ¢« « ¢« « o 0.8
Diffuser efflciency, Mg + ¢« ¢ ¢ v « ¢« ¢ v s o ¢ s ¢« s o o« « 0.85

The nomingl burner-inlet veloclty for use in figure 4 is

Vg /\fl—g-? = 600 ,\’%-ggg = 585.5 £t/sec

and the total friction loss factor is

2
0.8 + (1 -.0.85) <1O°°2 - )
. 600

u

7.2
Cp + (L1 - ng) (—52--1>
Vs

n

0.8 + 0.267 = 1.067

By use of the nominal burner-inlet velocity, the total friction
loss factor, and figure 4, the ratio of the friction total-
pressure loss to the exhaust-cone-exit total pressure is

AP
—f - 0.061
Ps

The ratio of the tail-pipe-burner exit tempsrature to inlet
temperature is

Ta 2060

I PR e e
T~ 1680 T6z
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By using this value, the nominal burner-inlet velocity previously
determined, and figure 5, the ratio of momentum total-pressure loss
to exhaust-cone-exit total pressure ig found to be

AP,
— = 0.052
Pg

The over-all loss in total pressure is sgual to the sum of
the friction total-pressure losg and the momentum total-preasure
logs B T

e

= 0,061 + 0.052 = 0,113

For this particular set of conditions the loss in total pres-
sure 1is sgual to 11.3 percent of the exhaust-cons-exit total pres-
sure,
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